We have studied the dependence of the constituent phases of reactively sputtered AgO x mask layer on the recording and readout mechanisms of super-resolution near-field disk. At low oxygen flow ratios, the AgO x mask layer was found to be composed of an appreciable amount of Ag particles with sizes of tens of nanometers and Ag 2 O phase. After recording by a high power laser pulse, a hollow Ag cylinder that had its center filled with O 2 was formed in the AgO x mask layer. The hollow Ag cylinder would serve as an aperture and could effectively reduce the laser spot size during readout, leading to the super-resolution effect only. At high oxygen flow ratios, the AgO x mask layer was found to be mostly composed of Ag 2 O and/or AgO phases. After recording by a high power laser pulse, a hollow Ag cylinder that had its center filled with nanosized Ag particles was formed in the AgO x mask layer. The nanosized Ag precipitates would serve as light-scattering centers and could yield strong near-field interaction with the subwavelength marks, resulting in both the super-resolution and near-field effects during readout.
I. INTRODUCTION
The super-resolution near-field structure (super-RENS) disk, adopting AgO x as a nonlinear optical mask layer, has been proposed by Tominaga et al. . [1] [2] [3] [4] [5] for high-density optical data storage. The resolution limit of the super-RENS disk was greatly improved to less than 100 nm. Initially, the great enhancement of signal intensities of small recording marks beyond the resolution limit was explained by the strong nearfield surface plasmon coupling effect that occurred between the nanosized Ag particles, which were generated through chemical decomposition of AgO x during readout by a laser of adequate power, and subwavelength marks in a closely spaced recording layer. 6, 7 After the laser beam was removed, Ag and oxygen formed the AgO x compound again. In this model, the chemical decomposition of AgO x layer is assumed to be a reversible process, and only the readout process was taken into consideration. However, the effect of a high power laser on the AgO x layer during recording is totally ignored. It appears that this model would not be able to completely elucidate the recording and readout mechanisms of the super-RENS disk. Recently, Kikukawa et al. proposed new recording and readout mechanisms for the super-RENS disk with a silver oxide layer, where they found recording marks were formed by the deformation of the layers due to the release of O 2 by the decomposition of AgO during recording, and the Ag particles which irreversibly precipitated simultaneously, were considered to be the origins of the super-resolution readout. 8 Yet their mechanisms still cannot explain the influence of recording power on the superresolution near-field properties of super-RENS disk. Thus, it is of necessity to thoroughly study the recording and readout mechanisms of super-RENS disk. In addition, the abovementioned models all pointed out that AgO x mask layer played an important role during the recording and readout processes. AgO x mask layer is normally prepared by rf reactive magnetron sputtering, and may consist of Ag particles, Ag 2 O, and/or AgO phases depending on the oxygen flow ratio. 9 It is expected that the constituent phases of AgO x layer will influence the recording and readout mechanisms.
In this study, we prepared three AgO x mask layers with different constituent phases and investigated the effect of the constituent phases of AgO x mask layer on recording and readout mechanisms of the super-RENS disk. The structural phase changes of these AgO x mask layers sandwiched between two ZnS-SiO 2 protective layers, after thermal annealing and irradiation by high power laser pulses, were examined. The dependence of the super-resolution near-field properties during readout on the constituent phases of AgO x mask layer was tested by an optical disk drive tester. Based on the experimental observations, recording and readout mechanisms of the super-RENS disks with AgO x mask layers composed of different constituent phases were proposed.
II. EXPERIMENTAL PROCEDURE
AgO x films with and without ZnS-SiO 2 protective layers were deposited on silicon and glass substrates. target. The constituent phases of the AgO x films prepared at various flow ratios were examined by transmission election microscopy (TEM). After thermal annealing at 200°C, which is well above the typical decomposition temperature of 150-170°C for AgO x film, 9 for 3 min, the structural phase changes of various AgO x mask layers sandwiched between ZnS-SiO 2 protective layers were characterized by grazing incident x-ray diffractometer (GIXD) and field-emission scanning electron microscope (FE-SEM). A super-RENS disk with a layer structure of ZnS-SiO 2 ͑170 nm͒ / AgO x ͑15 nm͒ / ZnS -SiO 2 ͑20 nm͒ /Ge 2 Sb 2 Te 5 ͑20 nm͒ / ZnS-SiO 2 ͑40 nm͒ was also prepared and evaluated by an optical disk drive tester (DDU-1000, Pulstec Industrial Co.) with a wavelength of 405 nm and a numerical aperture of 0.65. After a series of dynamic tests were conducted, optimal writing and readout powers were determined. The ZnS-SiO 2 / AgO x / ZnS-SiO 2 multilayer was then irradiated by a blue laser pulse with a power corresponding to the optimal writing power for the duration of 1 s and examined by TEM so that the structural changes of the AgO x mask layer after recording by a highpower pulsed laser could be distinguished and correlated with the super-resolution readout properties of the super-RENS disk. ratio of 0.2, Ag particles with size of ϳ50 nm were found to be dispersed in the AgO x matrix, and the volume fraction of Ag particles was calculated to be about 20%. From the diffraction patterns, the AgO x matrix was identified to be a pure Ag 2 O phase. As the flow ratio was increased to 0.5, Ag particles with size of ϳ10 nm could still be found in the AgO x matrix, however, the volume fraction of Ag particles was drastically reduced to about 3%. Meanwhile, the AgO x matrix was identified to be a mixture of Ag 2 O and AgO phases. As the oxygen flow ratio was further increased to 0.7, the size of Ag particles remained at ϳ10 nm, but the volume fraction of Ag particles was reduced to be only 1%, while the AgO x matrix was found to be a pure AgO phase. Clearly, metallic Ag particles would coexist with Ag 2 O and/or AgO phases in the reactively sputtered AgO x film. As the oxygen flow ratio was increased, the size and amount of metallic Ag particles decreased, and the constituent phases of the AgO x matrix gradually transformed from a pure Ag 2 O, to a mixture of Ag 2 O and AgO phases, and then to a pure AgO phase because more oxygen radicals were supplied to react with the sputtered Ag atoms. Fuji et al. have also reported similar results where they deduced the constituent phases of AgO x films based on the changes of optical constants. 4 To understand the structural phase transition of AgO x with ZnS-SiO 2 protective layers after chemical decomposition reaction, the microstructure of the ZnS -SiO 2 / AgO x / ZnS-SiO 2 multilayer after annealing at 200°C for 3 min was examined by GIXD and FE-SEM. Figure 2(a) shows the GIXD diffraction patterns of the annealed ZnS -SiO 2 / AgO x / ZnS-SiO 2 samples prepared at oxygen flow ratios of 0.2, 0.5, and 0.7. Interestingly, only Ag was detected in the samples prepared at flow ratios of 0.2 and 0.5, while both Ag and Ag 2 O were found in the sample prepared at a flow ratio of 0.7. As we examined the annealed ZnS -SiO 2 / AgO x / ZnS-SiO 2 multilayer by FE-SEM, metallic Ag particles with sizes of tens of nanometers were clearly observed on the surface of the ZnS-SiO 2 protective layer, as shown in Fig. 2(b) . These results suggested that the reduction of AgO into Ag 2 O, decomposition of Ag 2 O into Ag and O 2 , and aggregation of decomposed Ag would take place successively in the AgO x layer sandwiched between ZnS-SiO 2 protective layers during thermal annealing. However, those reactions were irreversible. Figure 3(a) shows the dependence of carrier to noise ratio (CNR) on readout power at the mark size of 150 nm in the super-RENS disk. Here, the optimal writing power was determined to be 7 mW by a series of tests. It was seen that CNR of the super-RENS disk initially increased with readout power, and reached a maximum value at the readout power of 2 mW, which was determined to be the optimal readout power. At readout powers above the optimal readout power, CNR of the super-RENS disk started to decrease. Figure 3 shows the dependence of CNR on mark size in the super-RENS disk at the writing power of 7 mW and readout power of 2 mW. It was found that CNR of 32 dB was obtained at the mark size of 150 nm, while CNR of 15 dB was obtained at the mark size of 100 nm. In addition, CNR of the disk prepared at an oxygen flow ratio of 0.7 was close to that prepared at 0.5, and was much higher than that prepared at 0.2. Evidently, the super-resolution near-field effect was found in the super-RENS disk and strongly depended on the constituent phase of the AgO x mask layer. It became significant only when the AgO x mask layer mostly composed of Ag 2 O and/or AgO phases with a negligible amount of Ag particles. As mentioned before, the effect of a high-power pulsed laser on the AgO x layer during the recording process should be taken into consideration. Therefore the microstructural changes of the ZnS-SiO 2 / AgO x / ZnS-SiO 2 multilayer prepared at various oxygen flow ratios were closely examined by TEM, after recording by a 7 mW blue laser pulse for the duration of 1 s, as shown in Figs. 4(a) to 4(c) . The results showed that a hollow Ag cylinder, serving as a small aperture, was formed in all samples, and nanosized Ag precipitates, serving as light-scattering centers, were generated in the center region of the Ag cylinder when the samples were prepared at flow ratios of 0.5 and 0.7. It is expected that the small aperture formed during the recording process can effectively reduce the laser spot size during the readout process, while the readout signal can be further enhanced with the aid of a localized surface plasmon coupling effect occurring between the precipitated Ag particles and the subwavelength marks, which yields strong near-field intensity. As a result, the small marks below the resolution limit can be successfully retrieved. The formation of Ag cylinder and the precipitation of Ag particles are contributed to the decomposition of Ag 2 O into Ag and O 2 , and the migration of decom- posed Ag particles to the periphery of the irradiated region. Because the AgO x mask layer prepared at a flow ratio of 0.2 consisted of Ag 2 O phase and 20 vol% of Ag particles with sizes of ϳ50 nm, the decomposed Ag particles generated in the irradiated region would be drawn by the existing Ag particles at the periphery of the irradiated region to reduce the total surface energy, resulting in a hollow Ag cylinder that had its center filled with O 2 . Accordingly, a detectable CNR below resolution limit could be detected in the super-RENS disk with an AgO x mask layer prepared at a flow ratio of 0.2 due to the super-resolution effect only. On the other hand, since the AgO x mask layers prepared at flow ratios of 0.5 and 0.7 consisted of Ag 2 O and/or AgO phases and negligible amount of Ag particles, the decomposed Ag particles formed in the irradiated region would also possibly aggregate in the center region as no Ag particles were available at the periphery of the irradiated region, leading to the formation of a hollow Ag cylinder that had its center filled with Ag particles. Consequently, much higher CNRs below the resolution limit were detected in the super-RENS disks prepared at flow ratios of 0.5 and 0.7 than the disk prepared at a flow ratio of 0.2, due to both the super-resolution and localized near-field coupling effects. Based on the experimental results, new recording and readout mechanisms for the super-RENS disks with AgO x mask layers composing of different constituent phases can be proposed, as illustrated in Fig. 5(a)  and 5(b) . For the super-RENS disk with an AgO x mask layer consisting of an appreciable amount of Ag particles in the AgO x matrix, only a hollow Ag cylinder, serving as a small aperture, will be formed in the AgO x mask layer during recording, resulting in only the super-resolution effect during readout. For the disk with an AgO x mask layer consisting of mostly AgO x phase with negligible amount of Ag particles, a hollow Ag cylinder filled with nanosized Ag particles will be generated during recording, leading to both the superresolution and near-field effects during readout.
III. RESULTS AND DISCUSSION

IV. CONCLUSIONS
Metallic Ag particles were found to coexist with AgO x matrix in the reactively sputtered AgO x film. As the oxygen flow ratio was increased, the size and amount of Ag particles decreased, and the constituent phases of the AgO x matrix gradually transformed from a pure Ag 2 O, to a mixture of Ag 2 O and AgO phases, and then to a pure AgO phase. During thermal annealing, the reduction of AgO into Ag 2 O, decomposition of Ag 2 O into Ag and O 2 , and aggregation of decomposed Ag would take place successively in the AgO x layer sandwiched between ZnS-SiO 2 protective layers, however, those reactions were irreversible. For the disk with an AgO x mask layer consisting of an appreciable amount of Ag particles with size of tens of nanometers and Ag 2 O and/or AgO phases, only a hollow Ag cylinder, serving as a small aperture, would be formed in the AgO x mask layer during recording, resulting in the super-resolution effect only during readout. For the disk with an AgO x mask layer mostly con- sisting of Ag 2 O and/or AgO phases, a hollow Ag cylinder that had its center filled with nanosized Ag particles would be generated during recording, leading to both the superresolution and near-field effects during readout.
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